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Pore stuffingIn order to integrate k = 2.0 p-OSG dielectric materials into the next generation of interconnects, the por-
ous material has to be sealed against metal barrier precursor. For this purpose, the combination of pore
stuffing and SAMs was engineered on patterned structures to achieve sealing with minimal plasma dam-
age. First a pore stuffing (P4) approach was implemented to mitigate the plasma damage and to confine
the reaction sites to the top surface. Then self-assembled monolayers (SAMs) were deposited from
11-cyanoundecyltrichlorosilane (CNSAM) or (3-aminopropyl)-trimethoxysilane (APTMS) precursor,
followed by TiN metal barrier deposition via plasma enhanced-atomic layer deposition (PE-ALD). Pore
sealing efficiencies and k value of these samples were benchmarked against standard back end of line
(BEOL) CF4 plasma.
 2014 Elsevier B.V. All rights reserved.1. Introduction
Porous low-k films are developed for the ultra large scale inte-
gration (ULSI) devices. Those films can reduce resistance–capaci-
tance (RC) delay, dynamic power consumption, and cross-talk
noise [1–3]. For porous low-k materials to be integrated into the
next generation of ULSI interconnects, the pores have to be sealed
in order to prevent the diffusion of metal ions, water, and barrier
precursors. Many attempts have been made in order to seal the
low-k materials [4–6]. SAMs have been identified as promising
sealing materials due to their intrinsic self-limiting deposition nat-
ure and their ability to facilitate subsequent metal barrier forma-
tion [7,8]. The SAMs pore sealing strategy consists of three steps:
(i) patterning of the low-k surface by plasma etching when hydro-
xyl groups indispensable for the organosilane silanization reaction
are introduced; [9] (ii) deposition of a mono molecular layer film to
seal the low-k surface against the subsequent barrier precursor;
(iii) formation of a thin metal barrier to avoid the penetration of
moisture and copper ions into the dielectric. Table 1 lists the
abbreviations used in all figure legends.In our previous work, successful sealing of SAM against tetra-
kis(ethylmethylamido)hafnium (TEMAH) ALD precursor has been
demonstrated [10,11]. However, it has also been discovered that
when the pore diameter of the etched low-k material is higher than
the characteristic dimension of the SAM molecule, diffusion of
SAMs into the pores is driven by the reaction between the silane
precursors and the silanol groups, generated by the scission of
Si-CH3 bonds by plasma species during etching. In this case, the
SAMs distribution follows the in-depth profile of the silanol groups
in the pores. This deposition of SAMs in the pore causes an addi-
tional increase of k-value which correlates directly with the pene-
tration depth of SAMs [12]. Therefore, for low-k material with pore
diameter larger than 3 nm, it is important to confine the SAMs only
to the top surface of low-k film. By protecting the low-k material
with polymer during plasma etching, the reaction sites (–OH)
groups for SAMs deposition can be confined to the top surface.
Accordingly, the confinement of SAMs can be realized.
In this work, we adapt a new pore stuffing approach during
plasma etching which helps to limit the hydrophilic layer thickness
[13,14]. With this approach, the SAMs distribution inside the pores
is confined to the surface and the sealing ability against tetra-
kis(dimethylamino)titanium (TDMAT) ALD precursor has been
demonstrated.
Table 2
Properties of low-k films before and after plasma treatment for P4 group and
Reference groups.
Low-k pristine Reference P4
Water contact angle,  96.60 10.90 34.93
Refractive index 1.2285 1.2492 1.2457
k-Value 2.02 2.82 2.20
Si-CH3 peak height* 6.7E-5 5.8E-5 6.3E-5
* Normalized by thickness.
Table 1
Surface treatment codes and descriptions.
Treatment code Treatment description
PS Pore stuffing with PMMA
CF4 CF4 plasma etching
US Thermal annealing to remove PMMA
CL Wet cleaning to remove post-etch residues
APTMS Depositing of APTMS
CNSAM Depositing of CNSAM
TiN Depositing TiN via ALD
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2.1. Sample preparation
The porous organo-silicate glass (p-OSG) (referred to as ‘‘low-k
pristine’’) were deposited on Si substrates by plasma-enhanced
chemical vapor deposition (PECVD) from alkylsilane precursors fol-
lowed by UV-assisted thermal curing [15,16]. The films had a
thickness of approximately 100 nm, a pore radius of 1.7 nm, a
porosity of 45% and a dielectric constants of 2.0. The samples were
then split into two groups: samples from the first group (referred
to as ‘‘Reference’’ group) were etched for 25 s with CF4 plasma in
a capacitively coupled plasma (CCP) chamber; samples in the sec-
ond group (referred to as ‘‘P4’’ group) were protected by poly
(methyl methacrylate) (PMMA) (Mw 2500 g/mol from Sigma
Aldrich) before being exposed to the same CF4 plasma. Their prop-
erties are presented in Table 2. Patterned samples were prepared
by depositing a dense SiC hard-mask on top for the p-OSG low-k,
followed by the deposition of spin-on carbon (SOC) and spin-on
glass (SOG). After conventional lithography targeting 180 nm pitch
line/space (L/S) structures, SOG-SOC hard-mask opening and trim
followed by SiC etch allowed to reach pre-patterned structures of
approximately 30 nm/150 nm L/S. Low-k etch was then performed
using a CF4 plasma. PMMA was selected as the pore stuffing chem-
istry because it decomposes thermally without leaving residues
behind (no C@C sp2 formation) [14]. The pore stuffing process con-
sists of (i) densification of the porous low-k film by wet stuffing
with a sacrificial polymer filling agent (PMMA); (ii) CF4 plasma
etch; and (iii) a thermal burnout process at 450 C for 15 min in
N2 ambient to remove the PMMA. It has been observed that the
plasma-induced Si-CH3 depletion is significantly reduced via pore
stuffing and that the silanol groups can be confined to the top sur-
face of the porous film [14]. Afterwards, a wet cleaning procedureFig. 1. Processing procedures of processing steps. TOF-SIMS, FTIR, WCA, k-value, thick
samples.was applied in order to remove the post-etch polymer residues and
to make the surface more hydrophilic. SAMs were deposited by
immersing the plasma treated low-k samples in a 5 mM toluene
solution of precursor for 4 h in a container sealed with parafilm.
The CNSAM or APTMS precursor and analytical-grade toluene sol-
vent were used as supplied by Sigma Aldrich. After deposition, the
samples were sequentially sonicated for 2 min in toluene and eth-
anol, dried under nitrogen, and annealed at 120 C for 15 min in N2
atmosphere. Ellipsometry measurements revealed a film thickness
of 1.7 nm and 1.0 nm for CNSAM and APTMS on SiO2 surfaces,
respectively, which is in agreement with the calculated thickness
of 1.6 nm and 0.6 nm [17]. The TiN films were deposited from
the TDMAT precursor at 120 C, with remote NH3 plasma as reac-
tant [18]. For each ALD cycle, the precursor exposure time was
fixed at 10 s, while the reactant exposure was fixed at 6 s. The sam-
ples were exposed to 80 cycles of the ALD process, resulting in an
expected TiN film thickness of 10 nm. Fig. 1 shows detailed pro-
cessing procedures for the two groups.2.2. Analysis
The chemical composition of the low-k dielectric substrates was
characterized by Fourier transform infrared spectroscopy (FTIR)
performed in transmission mode using Nicolet 6700 FTIR spec-
trometer from Thermo Fisher with a resolution better than
1 cm1, averaging 64 spectra within the 400–4000 cm1 range. In
every FTIR measurement performed, the background spectra were
subtracted. Time-of-Flight Secondary Ion Mass Spectrometry (TOF-
SIMS) analyses were performed with a TOFSIMS IV instrument
from ION-TOF GmbH. The negative ion profiles were measured in
a dual beam configuration using a Ga (15 keV) gun for analysis
and a Xe (350 eV) gun for sputtering. Elemental depth profiles
were measured in the non-interlaced mode. The macroscopic
chemical composition of the deposited SAMs were monitored
using water contact angle (WCA) measurements. The static WCA
of deionized water droplets deposited on the sample surface was
measured in the air using a software-controlled Video Contact
Angle System. The k-value was extracted from capacitance mea-
sured on a structure formed by evaporating Pt dots in the range
from 0.09 to 9 mm2 on the surface of the sample, and applying a
gallium-indium paste as back side contact. The capacitance was
measured at 100 kHz on samples biased in accumulation [19].
The thickness and refractive index of the samples were measured
by a SENTECH 801 spectroscopic ellipsometer (SE). A one layer
model based on the Cauchy approximation was applied on the
spectra collected in the wavelength range of 400–800 nm. Ruther-
ford backscattering spectrometry (RBS) with He+ ion beam acceler-
ated to 1.523 MeV was used to get information about penetration
of TDMAT precursor inside the pores of low-k dielectric layer. All
samples were measured with a glancing exit angle to improve
depth resolution. To extract depth information the analysis was
performed using a 3-layer model: one layer on the top and two
buried layers representing various diffusion depths from the Ti into
the low-k material. Transmission electron microscopy (TEM) using
Tecnai F30 ST from FEI operating at 300 kV was used to probe the
penetration of Ti atom inside low-k. TEM samples were preparedness were measured on blanket samples; TEM image were recorded on patterned
Table 3
k-Value after various treatments.
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Fig. 4. k-Value after various treatments.
P4 Reference
Low-k pristine 2.02 2.02
After etching 2.10 2.69
After cleaning 2.20 2.82
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3000 2950 2900 2850 2300 2200
0.0
1.0E-3
2.0E-3
3.0E-3
4.0E-3
5.0E-3
6.0E-3
C N
s C-H2
A
bs
or
ba
nc
e,
 a
.u
.
Wavenumber (cm-1)
 CF4 _CL
 CF4 _CL_CNSAM
 CF4 _CL_APTMS
 PS_CF4 _US_CL
 PS_CF4 _US_CL_CNSAM
 PS_CF4 _US_CL_APTMS
a C-H2
Fig. 3. Differential FTIR spectra obtained by subtracting the spectra recorded before
SAMs deposition from the spectra recorded after SAM deposition.3. Results and discussion
After CF4 plasma treatment, the CH3 groups are removed by
highly reactive plasma species from the surface and the plasma
induced damage is quantified as the loss of CH3 groups, which
is reflected in the reduction of the SiCH3 peak intensity in the
FTIR spectrum as compared to low-k pristine (Fig. 2a) [20]. In order
to mitigate the plasma induced damage, the P4 approach was
implemented by applying a ‘‘polymer stuffing’’ treatment to the
porous material before its exposure to CF4 plasma: A sacrificial
polymer fills the pores and stops most of the plasma species from
diffusing into the pores. After the plasma etching, the polymer was
removed. Therefore, after the treatment, only the unprotected top
surface is hydrophilic while in the bulk low-k the pore walls are
still hydrophobic. Via this approach, Si-CH3 depletion has been
alleviated by 7% with respect to standard etching by CF4 plasma
(Table 2). This result agrees well with the k-value measurement
(Table 3): the P4 group shows 0.62 lower k-values as compared
with the Reference group. TOF-SIMS elemental depth profiling
indicates that the P4 samples show a low fluorine content after
etch, which is an indication of lowered diffusion of active plasma
species into the bulk [21]. In the Reference group, the fluorine sig-
nal is high throughout the whole depth of the low-k film (above
the saturation level of the detector) while in the P4 group, the
fluorine signal is close to the background level (i.e. detected in
the pristine low-k layer) with only slightly higher intensity
confined to the top 10 nm of the etched film (Fig. 2b).
After SAMs deposition, the water contact angle increased from
below 35 (as given in Table 2) to 50 ± 2 and 70 ± 2 for APTMS
and CNSAM, respectively. The contact angles are close to the previ-
ously reported values, indicating successful SAM deposition in both
groups [22]. The amount of SAMs deposited is characterized by the
intensity of the C-H2 peak increase in the FTIR spectra. For the
Reference group, the amount of SAMs deposited is 2–3 times larger
than that of the P4 group, which is an evidence that the P4 treat-
ment results in thinner hydrophilic layer and accordingly lower
depth of SAM penetration (Fig. 3). k-Value measurements indicate
that the APTMS showed only 3% increase of k-value in the P4
group. However, CNSAM caused 16% increase of k-value for the4000 3500 3000 1300 1280 1260
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Fig. 2. (a) FTIR spectra of low-k before and after plasma and cleaning treatment. All the spectra are normalized to the thickness of the low-k film. The P4 treatment allows
reduction of the Si-CH3 groups depletion (peak located at 1276 cm1) and reduced water content expressed by the lower peak height of the –OH band in the region from 3010
to 3900 cm1 and (b) TOF-SIMS profile of fluorine as a function of sputtering time (depth profile).
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cyano-group has a higher dipole moment than the amino-group.
Therefore, APTMS SAM was selected for further pore sealing study.
After TiN deposition, the diffusion of TDMAT precursor inside
the pores was characterized by RBS (Fig. 5). For samples sealed
with SAMs, RBS spectra collected at 135 showed a sharp peak
between 1.12 and 1.2 MeV assigned to Ti atoms. At the same time
for the samples without SAMs, a broad peak at 1.12 MeV with a tail(a) CF4 _CL_TiN (
(c) CF4 _CL_APTMS_TiN (
Fig. 5. RBS spectra of Ti diff
Fig. 6. Left: cross-section TEM images on the cross-section of patterned samples after
samples (a) and (b) while they are below the TEM detection limit for samples sealed bytowards lower energy implies the presence of Ti atoms inside the
low-k [23].
TEM images of patterned samples confirmed that the selected
APTMS-SAMs stopped the penetration of TDMAT precursor
(Fig. 6a–d). For the samples without sealing, Ti atoms penetrate
for 10 nm into the low-k film. This penetration depth is the same
as found on P4 and Reference samples, indicating no dependence
on the low-k bulk hydrophilicity. Ti map obtained from EFTEMb) PS_CF4 _US_CL_TiN
d) PS_CF4 _US_CL_APTMS_TiN
usion in porous low-k.
various processing sequences and TiN deposition. Ti speckles are observed for the
SAMs ((c) and (d)); Right: EFTEM elemental maps for Ti.
74 Y. Sun et al. /Microelectronic Engineering 137 (2015) 70–74measurement confirmed the reduction of Ti penetration in the
low-k film after the SAMs sealing treatment (Fig. 6e–h).4. Conclusions
In order to integrate k = 2.0 p-OSG dielectric materials with pore
diameter larger than 3 nm, the combination of pore stuffing, SAMs
pore sealing and ALD metal barrier was engineered to achieve seal-
ing with minimal plasma induced damage. Firstly, a P4 integration
approach was implemented using PMMA as sacrificial polymer
(pore stuffing). Pore sealing efficiencies on P4 samples were bench-
marked against a conventional interconnected patterning flow (no
stuffing). FTIR and k-value measurements indicate that the pore
stuffing step effectively confined the hydrophilic layer to the top
surface and reduced diffusion of SAMs into the pores. APTMS out-
performs CNSAM by showing lower k-value. TEM and RBS results
showed that after a 10 nm metal barrier is grown on the APTMS,
the low-k surface is sealed and metal penetration is below detect-
able limit.References
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